A new automatic feedback potometer for physiological studies of water uptake by root systems is described. A dual-optical-fibre amplitude-modulating displacement transducer of improved sensitivity is employed to detect the changes in liquid level. The merits of optimal double-cut fibres, which make full use of the critical angle and improve coupling between the emitter and the receiver, have resulted in a sensor that is 64 times more responsive than the simple emitter-detector probe. Positioning the optical fibre transducer in a narrow capillary and using feedback to control the liquid level allows continuous measurement of volumes in the nanolitre range. The optical sensor used does not need re-calibration for the different salt solutions used in such studies.
Introduction
A potometer, in its simplest form, comprises a sensing tube whose water body is continuous with that of a plant system. The rate of volume uptake by the plant is proportional to a time change in water column height in the sensing tube. Normally, the potometer tube is re-filled from a reservoir. The potometer has been adapted for studies with small intact plants (So et al 1976) , or with excised shoot systems. However, the necessity of regular observation of meniscus position renders the basic potometer unsuitable for the continuous monitoring of volume flow rate over extended time periods. With a vertical sensing tube, as water is withdrawn there is a change in height of the meniscus and a corresponding variation in water potential at the base of the cut shoot given by = hρg, where ρ is the density of water, g is the acceleration due to gravity and h = h max − h min is the change in liquid level; h max and h min are the vertical limits of the meniscus movement in the tube. The value of is small, typically 0.98 kPa for a 100 mm meniscus transition. This meniscus transition may affect shoot water potential in shoots with small gradients of , so h must be kept small, if transpiration rates over a prolonged period of time are to be measured. The application of feedback to adjust the liquid level offers the possibility of minimizing this source of error.
In another automatic potometer design, described by McDonald et al (1981) , a volumetric resolution of 10 −5 l and a sensitivity of 0.5 × 10 −3 l V −1 have been reported. In their design, however, they used a variable-capacitance liquid-level sensor (Wilner 1960) . The main problem with such sensors is that, under dynamic conditions, the gas-liquid interface is not always a well-defined plane. Typically the surface is flat enough as liquid rises around the sensor element, but, as the liquid recedes, it leaves a film on the sensor which may cause the system to indicate a liquid level higher than the mean level (the flow-back phenomenon). Unfortunately software compensation is not always possible because the potometer must operate with a range of dilute nutrient solutions, each one applying a range of adhesive forces to the sensor element that will not necessarily stay constant during the period of the experiment. Such complications suggest that an optical fibre transducer may be advantageous for this particular application. This type of device is cheap, small in size, light, flexible, robust and low in energy requirements, and allows for future integration with developments in optoelectronics. A further major advantage using an optical fibre displacement transducer is that there is no need for re-calibration when used with solutions of different salt concentrations (the sensor's output can be easily normalized).
The new automatic optical potometer is shown in figure 1 and can be easily adopted for physiological work continuously measuring water uptake (transpiration studies) or axial and radial hydraulic resistance from individual roots (Landsberg and Fowkes 1978 , Rowse and Goodman 1981 , Lopez and Nobel 1991 , Alm et al 1992 . Another example of potometer usage is the calibration of sap flowmeters. When a cut shoot with attached flow transducers is inserted into a potometer assembly, the flowmeter output can be calibrated against the volume flow rate measured by the potometer. The automated potometer facilitates the repeated, simultaneous measurement of volume flux and flowmeter output. Furthermore, it is particularly useful in identifying steady state flux, at which time the flowmeter output may be measured.
Description of the fibre-optic transducer
A wide range of optical liquid level sensors have been described in the literature. Most of them rely on sight glasses, force (buoyancy), pressure (hydrostatic head), reflective surface or refractive-index-change observations. The requirement for a potometer of maintaining the liquid level surface as still as possible (so that the root system is never exposed to air because this would change its hydraulic conductance during the experiment), suggests that a reflective surface probe is the most suitable for this application.
Figure 2(a) shows a simple reflective optical fibre displacement transducer. The polymer cable has a corecladding diameter of 1.00 mm, a core refractive index (n core ) of 1.49 and a cladding refractive index (n clad ) of 1.42, giving a numerical aperture (NA) of 0.47, an acceptance angle (θ a ) of 27.8
• and a critical angle (θ c ) of 71.8
• . The fraction of light returning to the detector (for a given fibre radius and acceptance angle) is directly dependent on the sensor gap, that is the fibre-to-mirror separation (Hochberg 1986 , Krohn 1986 . Generally, for the uncut fibres there is a small nonlinear region, then a very steep and linear part (used for measurements) and finally a region decreasing according to 1/(distance) 2 . In order to improve the responsivity of the transducer (defined as the output signal in response to input divided by the input signal), a simple way is to cut the emitter (T x ) and receiver (R x ) fibres at an angle α in order to make full use of the critical angle. This ensures improved coupling and, therefore, better signal-to-noise ratio. The condition for optimally cutting the fibres is the one for which the extreme ray emerging from the fibre is parallel to its sloping face and using Snell's law gives n air sin 90
• . This value is used for the reflectance displacement transducer shown in figure 2(b), in which the fibres are placed next to each other.
A further improvement in performance can be obtained by cutting the fibres twice, at angles of 24
• and 66
• so that the two cuts join across the centre as shown in figure 2(c). This ensures maximum light coupling for very small displacements, while minimizing the standing noise. To our knowledge, the only dual fibre-optic sensor which investigates the effect of varying the angle between the two fibres has been described by Powell (1974) and an increase in sensitivity of only one order of magnitude is reported. The advantage of the double-cut configuration is that it maximizes the amount of reflected light that enters the receiving fibre and minimizes the reflected light that is lost in all other directions. This configuration is considered to be optimal because it minimizes the standing noise in the photodetector for small displacements while maximizing the responsivity. A further advantage in the operation of the doublecut sensor is that it makes use of the fact that, for many surfaces, the reflected optical waves are very much dependent on the angle of incidence, as the Fresnel equations suggest. This is particularly useful in other applications in which the sensor is used to sense liquid level directly without using a mirror (such as for water).
Description of the amplitude modulation intensity referencing technique
When light-emitting diodes (LEDs) are used as light sources in sensor applications, their thermal stability which is temperature-and time-dependent becomes important. This requirement becomes even more stringent as the time period of observations increases, therefore the technique of amplitude modulation, in conjunction with intensity referencing and phase-sensitive detection, was used in a local feedback path to stabilize the LED source (figure 3). The forwards path of the circuit comprises a differential amplifier, a high-gain amplification stage and a voltage-to-current converter (V -I ). The feedback path contains a photodiode, a current-to-voltage converter (I -V ), a phase-sensitive detector (PSD) with low-pass filtering and a compensator. When applying negative feedback, for high loop gains, the system response is governed by the characteristics of the feedback path and the nonlinearities in the forwards path that drive the LED are reduced by a factor of (1+loop gain). Although rectification and low-pass filtering of the amplitude-modulated signal can be used to shift the signal to DC level, a PSD is preferred because it offers a 3 dB advantage in noise performance over a rectifier.
In the type of PSD used (part of figure 4), the opamp is switched between the inverting and non-inverting configurations by the reference signal. This is achieved by using switches SW1 and SW2. Switch SW3 is used to maintain equal input impedance in both configurations. By ensuring unity gain in the op-amp, its output is switched between ±1 in phase with the reference square wave. Because the PSD does not have to produce a continuously variable gain, the active devices in the reference path can work either at saturation or at cut-off and hence a large dynamic range of operation is possible.
The circuit shown in figure 4 has been developed to improve the operation of the PSD under large-amplitude interfering signals and also to minimize the number of components and the setting up procedures. The switching action of the PSD is controlled by the square-wave oscillator signal, generated using a 4069 CMOS hex inverter chip. A 4013B D-type clocked flip-flop was used as a divide-by-two counter to ensure the equal mark-tospace ratio of the square-wave oscillator. The analogue switches are so arranged that the unused input of the amplifier is always switched to earth to maintain equal source resistance at the input of the amplifier to minimize the offset voltage. The switches are all contained in a single integrated CMOS 4066B multiplexer chip. The symmetry of the circuit minimizes the resulting output offset, while the use of a single integrated circuit for all the switches ensures close matching characteristics. The linearity of the PSD is dependent on the variation of the ON resistance of the switches with signal voltage and temperature, and also on the magnitude of the transient communication spikes. The effect of the ON resistance variation can be minimized by keeping the resistors in the circuit as high as possible. This has the added advantage of minimizing the magnitude of the transient commutation spikes. However, the greater these resistors the worse the noise performance of the amplifier; a 10 k resistor in the phase-sensitive detector was found to be optimal. This ensures that the amplification of the modulated AC signal from the transimpedance amplifier before the PSD is such that the equivalent input noise voltage is not degraded by the noise level of the PSD.
Finally, in order to improve the performance of the overall circuit further with respect to noise, the bias voltage from the transimpedance amplifier in the forwards path (corresponding to the standing current at the mid-point of the linear region of the operational range of the transducer) was matched with the standing noise voltage from the transimpedance amplifier in the feedback path using a custom-made optical coupler. 
Description of the water-level-compensation scheme
Because a feedback system is used to keep the root water potential constant, it is possible to use a sensor with a small dynamic range and large responsivity. The liquid level in the capillary is recorded by the sensor. This information is used to drive a dispenser that finely adjusts the liquid level and a pump that supplies water to the system by automatically re-filling the dispenser to make up for the water taken up by the plant (figure 5). The sensor and plant capillary tubes are connected to the dispenser.
The output from the optical fibre displacement transducer is interfaced to a computer using a 12 bit analogue-to-digital converter (ADC) card providing 0.3 mV signal resolution. An infinite-impulse-response (IIR) filter is implemented in software to reduce high-frequency disturbances in the liquid level. The controller program operates the dispenser using control and feedback signals via an interface connected to the parallel port. The dispenser is activated through one half of a 2916 dual full-bridge PWM motor-drive chip, the other half being used to control the pump that re-fills the dispenser via a relay. A switch at each end of the elastic tubing of the dispenser is used to reverse the direction of the dispenser motor, ensuring that the dispenser remains always within its operational range. Once this length has reached its lower limit, the pump is activated and more water is supplied to the system. The two liquid level thresholds are set by the software to ensure that the liquid level stays only within the frontal slope of the operational range of the optical fibre displacement transducer. An optical shaft encoder is used to provide local feedback around the dispenser, decreasing the nonlinearities of its response. The analogue outputs of the encoder (producing 100 pulses per revolution) are Schmitttriggered and fed to the computer. The software also performs data logging, making the whole system automatic in its function and thus eliminating the need for regular observation of the output.
Experimental results

The performance of the optical fibre displacement transducer
The responses of the three configurations when a mirror is used are shown in figure 6. It can be seen that a significantly better response is obtained by cutting the fibres twice ( figure 6(c) ). The results obtained when the mirror is replaced by water are shown in figure 7 .
The dominant noise source in the system is the shot noise of the output photodiode. This is given by I n = (2eBI ) 1/2 , where e is the electronic charge, I is the diode current, B is the bandwidth (1 Hz) and I n is the RMS noise current. In the present noise analysis, the thermal noise is also taken into consideration, using I t = (4kT B/R f ) 1/2 , where k is Boltzmann's constant, T is the absolute temperature and R f is the feedback resistance in the current-to-voltage converter. The signal-to-noise ratio (SNR) is then defined as the standing current at the operating point (the mid-point of the linear region) divided by the combined noise currents I n and I t . The collective results for responsivity, SNR, least detectable signal (LDS) and linear range are shown in table 1, both for mirror and for water reflectors.
From figure 6 , it can be seen that the uncut fibres are not suitable for measuring changes in liquid level. The overall superiority of the double-cut configuration is evident, having for both reflectors the highest values for responsivity, SNR and LDS. The uncut arrangement has the lowest values in all cases. An improvement in SNR of the order of 3 dB is observed (table 1) from singlecut to double-cut operation, for both surfaces. The limits of the linear range provided are approximate, indicating nonlinearities in the slope smaller than 5%. For a mirror, the linear range of the double-cut sensor is 15 times smaller than that of the uncut sensor and for water it is six times smaller. Furthermore, the second linear part of the double-cut configuration (figure 6(c)) allows operation of the transducer on its back slope. Such operation has the advantage of greater stand-off distance but at the expense of responsivity. Figure 8 shows the relation of the output voltage with volumetric changes in liquid level using the frontal slope of the transducer with water as the reflector. Using a thin opaque film (paint) between the two fibres minimized light directly coupled from the emitter to the receiver. This improved the SNR of the transducer and extended the linear part of the response curve.
The major advantage of using optical fibres in a potometer is that a narrow capillary can be used containing the sensor tip, thus permitting a higher resolution due to smaller volumetric changes. In our system, a 50 ml 100 × 10 −6 Figure 9 . The Ohm's law analogue of the potometer system showing the nonlinear action of the dispenser and the pump, and the switching action of the nonlinear control plant.
commercial burette was used for this purpose, providing a 2.5×10 −9 l resolution for the 0.3 mV signal available from the ADC card, using the double-cut configuration.
During the operation of the potometer, any occasional changes in the angle between the sensor and the mirror are small. For example, an angular misalignment of 3
• between the mirror and the sensor corresponds to a change in (normalized) output power of approximately 5%. In our system this error would correspond to a displacement of 4 µm which is equivalent to an offset of 0.36 µl. However, because the signal from the sensor is differentiated and low-pass filtered the effect of angular misalignment is very much reduced. Furthermore, the sensor head is positioned directly above the mirror inside the burette, minimizing the possibility of small quantities of dust being deposited on the mirror.
The calculated SNR of the sensor when water is used as a mirror is 62.2 dB for the double-cut configuration. The results in table 1 show a 5.6 dB improvement in SNR when using a poly(methyl-methylacrylate) (PMMA)-coated silver reflector film (ECP-305, 3M Co, USA). This film can be used as a floating mirror for the detection of liquid level. The film, when measured spectrophotometrically, is found to be better than 97% pure aluminium in the range 300-1000 nm.
The overall performance of the potometer
In order to assess the performance of the potometer, the combined response of the hydraulic system incorporating the sensor and a transpiring plant must be performed. An electrical analogue of the potometer system was therefore devised (figure 9). The feedback dispenser is analogous to an AC current generator and the pump to a DC current generator. The system is linearized through the modulation induced by the nonlinear control action of the computer through the two switches. As the plant absorbs water to respond to the water potential in the atmosphere the liquid level measured in the capillary, which has a hydraulic capacitance C capillary , decreases. The signal from the sensor is differentiated to produce a measure of the rate of change of water level. This derivative is composed of long periods at a small negative value (equivalent to the plant uptake rate) and relatively short bursts of feedback activity and restoration of water level in the form of positive pulses. These are then masked, to produce a signal proportional to the water uptake rate.
By adjusting the corner frequency and the order of the IIR filter, the thresholds of the switches, the step of the dispenser in the forwards and backwards directions and the respective gains of the proportional and integral controllers, it was possible to achieve a liquid level settling time of approximately 35 s. This time can be assumed to be insignificant compared to the time response of a plant. Furthermore, the temporary instabilities of the liquid level in the capillary tube due to the controller action are not recorded, because the software is able to discriminate them and accordingly provides an interrupt message to the data-logging process. During the short periods of controller action the data are interpolated, thus forming the continuous record needed for further processing. The measurements shown in figure 10 correspond to the filtered sensor signal of liquid level. These data were obtained using capillary action from a surface that is freely exposed to the atmosphere.
The measurements shown in figure 11 represent a calibrated low-pass-filtered signal from the doublecut sensor measuring liquid level after this had been differentiated to obtain the volumetric flow rate of water uptake. Because the system operates at the highest resolution limit of the ADC card, the data shown are quantized and a smoothing interpolation algorithm is therefore used. This consists of a linear square-fitting procedure in which the bandwidth is adaptively chosen, thus providing the final volumetric rate of change. In the current set-up, the maximum resolution of the instrument is 2.35 × 10 −9 l s −1 , corresponding to an ADC card error of half least significant bit being 1.18 × 10 −9 l s −1 . The uncertainty in the smoothed data obtained from the RMS variation of the differentiated signal during the calibration procedure was found to be 0.135 × 10 −9 l s −1 .
Discussion
In plant physiology research, the average volume flux density J j Vw of water across an area A j of a plant component j (A being the root surface area, or the effective cross sectional area of the xylem, or the area of one side of the leaves), can be related to the evaporative demand and the hydraulic resistance R j of the plant parts. This evaporative demand is usually expressed as a change in free energy per mole of water j . Under steadystate isothermal conditions within the plant, the volume of water crossing component j in unit time is given from an electrical analogue:
Typical values for volume flux densities of water J j Vw are 1.1 × 10 −7 m s −1 for young roots, 1.0 × 10 −3 m s −1 for the stem xylem and 0.77×10 −7 m s −1 for leaves (Nobel 1991) . For young sunflower and tomato plants typical hydraulic resistances from the root surface to the leaf mesophyll cells (R plant ) are of the order of 1.0 × 10 8 MPa s m −3 and, therefore, for water potential differences between roots and leaves of 0.2 MPa, fluxes of the order of 2×10 −9 m 3 s −1 are commonly observed. Such fluxes are readily observable for a short period of time with simple commercial potometer configurations. However, there is a range of other plants of agricultural interest having hydraulic resistances three orders of magnitude higher, whereas desert xerophytes and halophytes may have hydraulic resistances many orders of magnitude higher. The large dynamic range and the excellent volumetric resolution of the potometer described surpass the performance of all commercially available potometers and the new potometer is thus particularly suitable for plant physiology research in a wide range of plant species.
Under non-steady-state isothermal conditions, we can define a capacitance C j of a plant organ (Nobel 1991) , as being the change in water content V j w of the component j that is required to induce a change in average water potential j along that component:
and a time constant τ j = C j R j that indicates the time required for the water potential to change to within 1/e or 37% of its initial value. By representing the plant as a combination of elements with complex hydraulic impedance Z j and taking into account the electrical analogue of the potometer system, it is possible to subject the plant to a range of external stimuli by modulating the relative humidity of the atmosphere. The latter is related to the water potential of the atmosphere by 
whereV w is the partial molar volume of water (at 20
• C, this is 1.805×10 −5 m 3 mol −1 ) and subscripts w and wv refer to water and water vapour respectively. The high resolution of the potometer, in conjunction with data from a dewpoint sensor (Hadjiloucas et al 1995) , makes possible the study of transient responses, the construction of equivalent Bode plots and the calculation of individual capacitances of plants.
Conclusions
The design of a new optical automatic potometer using optical fibres to detect changes in liquid level has been presented. The merits of cutting the fibres twice at an angle to increase the responsivity have been demonstrated. If the system had to be operated to its maximum resolution, a capillary with internal diameter of 2 mm could be employed, providing a range of 3.14 × 10 −10 m 3 (or 3.14 × 10 −7 l) for a liquid level drop of 100 µm and, therefore, a volumetric resolution of 7.9 × 10 −14 m 3 is theoretically possible. A hydraulic equivalent of Ohm's law has been used to explain the operation of the system. This, coupled with a measured plant's response, could help in analysing results in plant physiology.
